Measurement of the rate of accumulation of radioiodine by the thyroid gland is of considerable clinical value, since in most instances an avid uptake of radioiodine may be correctly assumed to be due to a high rate of uptake of stable iodide by the thyroid. This measurement, expressed as a percentage of the administered radioiodine dose accumulated per unit time by the thyroid, does not give a quantitative measurement of the stable inorganic iodide being accumulated by the gland.
Occasionally an avidity for radioiodine may be attributable to an abnormally small extrathyroidal iodide pool, as in the case of the patients with endemic goiter described in the classic report of Stanbury and his associates (1).
In 1949 Stanley described a method for the measurement of stable iodide accumulation by the thyroid gland using the radioiodine uptake of the thyroid and the specific activity of simultaneously excreted urine; i.e., the ratio of radioactive to stable iodide in the urine (2) . The technique extended the information obtainable by the study of radioiodine accumulation alone. Technical difficulties associated with the chemical measurement of trace quantities of stable inorganic iodide have prevented its widespread application to studies of thyroid disease. The purpose of this paper is 1) to describe a new technique for the accurate and sensitive measurement of iodide in biological fluids, and 2) to present the results of its use in studies of the relationship between plasma inorganic iodide concentration and iodide accumulation by the human thyroid gland. METHODS Principles of activation analysis. Since its introduction by Hevesy in 1935 , neutron activation analysis has been * Presented in part before the Amnerican Goiter Association in Philadelphia, May 6, 1961. t Postdoctoral Fellow, U. S. Public Health Service.
developed into one of the most sensitive and accurate methods for the determination of trace elements. The element to be determined is made radioactive by neutron irradiation, usually carried out in a nuclear reactor, and is identified by the characteristic gamma-ray emission and rate of decay of the resulting radionuclide. Quantitative measurements are possible, since the amount of radioactivity induced is proportional to the amount of the element present.
In some tissues trace elements are sufficiently concentrated to be measured without chemical separation prior to activation. For example, gamma-ray spectra of the radioactivity induced in human tooth, thyroid, and bone are shown in Figure 1 . The gamma spectrum of tooth after 1 minute's activation was very similar to the spectrum obtained from activation of ammonium fluoride. The photopeak energy ( Figure IA ) and the half-life were characteristic of fluorine'. The gamma spectrum of human thyroid tissue included the characteristic photopeak of iodine' and had an identical half-life ( Figure 1B) . Figure IC shows the result of 10-minute activation of normal human bone. The gamma spectrum had the photopeaks of calcium', fluorine", sodium', and magnesium'.
In most biological materials it was not possible to detect trace elements by neutron activation without removing the large quantities of sodium and chlorine that dominated the gamma-ray spectrum. Spencer, Mitchell and King (3) presented the results of neutron irradiation of serum. Gamma emissions from Na' and ClO prevented application of the technique to studies of trace elements in serum. Similarly, activation of normal urine for 1 hour produced a gamma-ray spectrum identical with that of sodium chloride ( Figure 2 ). Utilization of differential activation times or differential decay times to measure iodide in the presence of large amounts of chloride was impossible because of the similar half-lives of chlorine' (37 minutes) and iodine' (25 minutes) ; to measure iodide (or bromide) in urine, it was necessary to separate these halogens from chloride and sodium prior to activation.
Analytical procedure for measurement of urinary iodide. Urine samples that had been collected in iodine-free containers were passed at a flow rate of approximately 100 ml per hour through polyethylene columns (5 cm long, 0.6 cm diameter) containing 0. The photopeaks are iodine', bromines, the residual chlorine' not eluted by the thiocyanate.
spectrometer, and ORINS standard thyroid uptake phantom. The thyroid uptake was expressed as neck radioactivits -radioactivity with thyroid shielded dose radioactivity in standard phantom X -radioactivity with dose in phantom shielded column was measured as described previously. The thyroid uptake of stable iodide was calculated according to the following formula: thyroid uptake (TU) (/Lg/2_hrs) = 'ru (% dose 1l'1/2 hrs)IXrurine'iodide excretion (,ug/2 hrs') urine excr. (%Odose 1131/2 hrs)
In P"'1 studies, a 1.5 cm-thick lead shield was used to eliminate the thyroidal radioactivity; a 5 cm-thick shield was used in 1132 studies because of the increased gamma energy from the latter nuclide. A further correction for extrathyroidal radioactivity was determined by studies in which 10 euthyroid subjects were given large doses of Lugol's solution to completely block thyroid uptake. Neck measurements were made 2 hours after the intravenous injection of P"31 and 1P32 (five subjects for each isotope). The radioactivity counted beneath the lead shield was 2.6 + 0.4 per cent dose (mean + 1 SD) for I"2 and 2.5 + 0.8 per cent dose for P"11. These values were subtracted from the thyroid uptake measurements in calculation of the uptake rates of stable iodide.
Immediately after the thyroid measurement the patient urinated into a disposable iodine-free container. The collected urine was then passed through one of the previously described resin columns. Recovery of iodide by the resin column was measured, with the 131 or I1" as a tracer. The percentage of the administered dose of radioiodine on the resin column was measured by comparing it with a standard containing one-tenth of the dose adsorbed by a blank resin column and counted under identical geometric conditions. After the administered radioiodine had decayed to negligible levels, the stable iodide content of each resin
In five subjects selected as euthyroid, the relationship between plasma inorganic iodide concentration and thyroid iodide accumulation was measured at various plasma inorganic iodide levels produced by exogenous iodide administration. These subj ects were hospitalized on the research ward of the Johns Hopkins Hospital, and received a usual hospital diet. After control studies iodine was given orally every 4 hours as potassium iodide. The daily dose was increased progressively over a 2-week period from 1,200 to 7,200 1Ag per day. In three subjects iodide administration at a level of 10,000 ,ug per day was continued for an average of 37 days. Radioiodine accumulation was measured daily for 12 days; thereafter it was measured weekly. Radioiodine (I132) was given intravenously 2 hours after the 8 a.m. oral iodide dose.
Measurement of stable and radioactive urinary iodide was performed as previously described.
Plasma iodide concentration 1 hour after administration of the dose was measured by comparing the radioactivity of the plasma with a standard containing 1/25 of the dose. The sample was obtained at the midpoint of the urine collection period. The plasma iodide concentration was calculated, using the urinary specific activity as follows: % dose I14/5 ml plasma _ % dose I11 urine sUg 1127/5 ml plasma subjects, stable iodide uptake by the thyroid was highest in those subjects with the highest concentration of inorganic iodide in their plasma. As a result of these findings, the study was extended as described in the following section.
II. Relationship between serum iodide level and the accumulation of iodide by euthyroid subjects. Selected euthyroid subjects were hospitalized and received a usual hospital diet. After control studies iodine was given orally every 4 hours as potassium iodide. The daily dose was increased progressively over a 2-week period from 1,200 to 7,200 /Ag per day. In three subjects iodide administration at a level of 10,000 ug per day was continued for an average of 37 days. Stable and radioiodine accumulation was measured daily for 12 days; thereafter it was measured weekly.
An example of the first 12 days of a typical study is presented in Figure 5 . During the control period, when no exogenous iodide was added to the diet, the patient's 2-hour thyroid uptake (per cent dose) was 6 per cent on successive days. The patient excreted 15 and 14 pg of inorganic iodide per 2 hours. The thyroid uptake of stable iodide was 8 and 5.5 /Ag per 2 hours. Corresponding plasma concentrations were 7 and 5 Mug per L. During administration of potassium iodide, begun on the fourth day, the uptake of radioiodine (1132) by the thyroid gradually decreased. By Day 12 it had decreased to 1.9 per cent dose per 2 hours. Concurrently, the urinary excretion of I127 increased progressively to 418 ug per 2 hours. In contrast to the decreasing radioiodine uptake, the uptake of stable iodide increased from 7 ug per 2 hours during the control period to 42 pg per 2 hours on Day 12. The plasma inorganic iodide concentration increased to 169 pg per L.
Thus it was found that, as the iodide intake increased from 1,200 to 7,200 pg per day, the thyroid uptake of radioiodine decreased. However, the concomitant increase in plasma iodide concentration resulted in a progressive accumulation of stable iodide despite the decreased radioiodine accumulation.
Each of the five euthyroid subjects studied during iodide administration showed a similar pattern during the first 2 weeks. A summary of the results in the five patients is presented in Figure  6 . At each level of iodide intake, extending over the entire period of 37 days, the thyroid uptake is shown both as a percentage of the radioiodine dose and as uptake of stable iodide. Despite the fall in radioiodine accumulation as the iodide intake increased, iodide accumulation increased rapidly until the intake reached 5,500 pg per day. Thereafter it fell steadily, but even after more than a month of high iodide intake, stable iodide accumulation exceeded control levels. In one subject the uptake of stable iodide was 75 pug per 2 hours while receiving 7,200 Mg iodide per day. On Day 16 of the study, while on this dose of iodide, the subject was given 20 MLc of I131* The 2-hour radioiodine uptake (corrected for neck extrathyroidal radioactivity) was 3 per cent; 48 hours later 10 per cent of the administered dose remained in the gland. This indicates that the inorganic iodide continued to accumulate during the 2-day period and that iodide initially trapped was not being readily discharged from the gland. This does not imply that synthesis of the trapped iodide was progressing to thyroid hormone, but that the trapped iodide was not merely entering the thyroid and shortly thereafter re-entering the circulation.
The plasma concentration of stable iodide was determined at each level of iodide administration in all five subjects. A total of 51 determinations was made. Figure 7 illustrates that the initial increase in concentration of plasma iodide produced a corresponding increase in the rate of uptake of stable iodide by the thyroid. After the plasma iodide concentration reached 100 ug per L, iodide accumulation began to fall. However, even at the end of the 37-day period of the study, uptake of stable iodide by the thyroid still greatly exceeded control values.
DISCUSSION
The present studies were designed to enable measurement of the rate of uptake of stable iodide by the thyroid in micrograms per unit time. A technique of neutron activation analysis was developed to enable accurate and sensitive measurement of the trace element, iodide, in biological fluids. In the past, application of neutron irradiation techniques to the analysis of trace elements in biological material has been limited by the large quantities of sodium and chloride that dominate the gamma-ray spectrum. The present technique utilized anion exchange resins and selective elution to remove these substances prior to activation.
At the neutron flux employed (2.25 x 108 n/cm2/sec) although it was not possible to measture the exceedingly small amounts of inorganic iodide normally present in plasma, urinary iodide concentration could be readily measured. Our basic assumption in measuring the stable iodide uptake by the thyroid was identical with that of Stanley (2), who measured both the radioiodine uptake of the thyroid gland and stable iodide concentration of the simultaneously excreted urine. At any moment after the administration of a tracer dose of radioiodine, the specific activity (I131/I127) of urinary iodide is the same as that of plasma. This assumption appears justified. since there is no evidence of a renal iodide pool (4) . Furthermore, during an experiment in which exogenous iodide was given and plasma iodide was raised to measurable levels, the simultaneous specific activities of serum and urine were nearly identical.
In 34 fasting euthyroid subjects, the mean iodide uptake was 6 + 4 ug per 2 hours (mean + SD). These values were lower than those of Stanley (2) who found that mean thyroid uptake of iodide in 14 subjects was 10 jug per hour (range, 3 to 19), and of Fitting (5) associates. The correlation between radioiodine accumulation and stable iodide concentration in patients with nontoxic goiter was observed only when the serum iodide concentration was below 1 to 2 ug per L. Childs and collaborators reported in 1950 that in hyperthyroid subjects, the iodide-trapping function as measured by radioiodine accumulation was not altered with carrier iodide doses in the range 0(.1 to 100 mg, but was suppressed by doses of 500 ing or more (7) . In contrast, the synthesis of thyroid hormone by the gland was suppressed at lower concentrations (5 ug of inorganic iodide per 100 ml plasma) than those required to supl)ress the iodide-trapping function. This work extended to hyperthyroid patients the studies of \Volff and Chaikoff who had found that organic binding of iodide by the rat thyroid was blocked so long as plasma iodine remained above 20 to 35 ug per 100 ml (8) . However, despite the block in organic binding of iodide, the rat thyroid continued to concentrate iodide.
To study experimentally the effect of large increases in iodide pool size on both radioiodine uptake and the accumulation of stable iodide by the thyroid. five euthyroid subjects were given progressively increasing amounts of oral iodide. As shown in Figure 7 , radioiodine uptake decreased as iodide intake increased, but the rate of decrease of radioiodine uptake was very gradual. Consequently, the thyroid accumulated increasing quantities of stable iodide. When iodide intake exceeded 6,000 MAg per day, the radioiodine accumulation had decreased to the point that the amnount of stable iodide accumulated began to decrease despite increasing iodide intake. At the end oi 37 days, however, stable iodide accumulation by the thyroid still exceeded control levels.
To 1. In the present study a technique of neutron activation analysis was used to measure trace quantities of inorganic iodide in urine. Anion exchange resins and selective elution permitted removal of interfering sodium and chloride from urine prior to the activation procedure.
2. The uptake of stable iodide by the thyroid was determined by measuring the radioiodine uptake and specific activity (1131/I127 ) of simultaneously excreted urine.
3. In 34 fasting euthyroid subjects the mean iodide uptake by the thyroid was 3 + 2 ug per hour. Plasma concentration of inorganic iodide averaged 0.005 ug per ml.
4. Day-to-day variations in iodide intake resulted in corresponding variations in the amount of stable iodide accumulated by the thyroid, since iodide accumulation approximated a first-order reaction.
5. Prolonged administration of exogenous iodide resulted in a gradual decrease in radioiodine accumulation. This resulted in a decreased accumulation of stable iodide only after several weeks of greatly increased iodide uptake by the thyroid.
6. A mechanism postulated to explain the dynamics of iodide accumulation by the thyroid was presented.
